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Most studies of the heart focus on cardiomyocytes (CM) at the exclusion of other cell 
types such as myocardial endothelial cells (EC). Such mono-cellular approaches propagate 
the presumption that EC provide a mere "passive lining" or supportive role. In fact, EC 
contribute to a dynamic network regulating vascular tone, cardiac development, and repair. 
Two distinct EC types, vascular EC and epicardial EC, possess important structural and 
signaling properties within both the healthy and diseased myocardium. In this review, 
we address EC-CM interactions in mature, healthy myocardium, followed by a discussion 
of diseases characterized by EC dysfunction. Finally, we consider strategies to reverse 
EC-CM "miscommunication" to improve patients' outcomes in various cardiovascular 
diseases. 
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The human heart consists of a plurality of cell types, with fibrob- 
lasts and other connective tissue cells being most abundant; the 
remaining cell mass consists of cardiomyocytes (CM), endothelial 
cell (EC), smooth muscle cells, mast cells, and immune-related 
cells. Although CM mass is approximately 25 times that of EC 
mass, the smaller EC outnumber CM by roughly 3:1 (Brutsaert, 
2003). CM are surrounded by dense capillary network, which 
is critical for maintaining constant blood flow (Brutsaert et al., 
1998); however, such intermingling of CM and EC also allows 
for cell-to-cell signaling, which may be of even higher significance 
during cellular stress (e.g., ischemia). Organized communication 
among the various components of this syncytium is critical for 
normal cardiac growth, contractile performance, and rhythmic- 
ity, but also for adaptive and protective mechanisms to combat 
against myocardial damage. Although cells other than CM and EC 
contribute to cardiac homeostasis, we focus presently on potential 
CM-EC interactions. 

EC-CM INTERACTIONS IN THE ADULT HEART 

Cardiac EC rely on diverse routes of communication. Endocardial 
EC and capillary EC share an active blood-heart barrier and influ- 
ence neighboring CM through juxtacrine and paracrine signaling, 
whereas coronary vascular EC act indirectly on CM through 
changes in coronary vasomotor tone and consequent alteration 
of blood flow (Brutsaert, 2003). Interestingly, either cell can 
initiate communication; CM can act as secretory cells and are 
the source of many paracrine signals that affect EC. Among 
these are endothelin-1 (ET1), fibroblast growth factors, adeno- 
sine, and heme oxygenases — which regulate vascular tone — thus 
coordinating myocardial metabolic requirements (Tirziu et al., 
2010). Additionally, CM paracrine signaling — namely vascular 



endothelial growth factors — affects growth and development of 
coronary vessels. Myocardial ischemia and heart failure (HF) 
require vascular growth to match the increased energy demands 
(Li et al, 1996), and failure of vascular adaption leads to progres- 
sive cardiac dysfunction (Sellke et al., 1996). Likewise, EC play 
pivotal roles in the bidirectional interactions between these two 
major cell types. Because EC dysfunction, due to a multitude of 
systemic diseases affecting the cardiovascular system has a major 
impact on CM-EC interactions, it is important to discuss the 
impact of EC dysfunction on EC derived factors. 

IMPORTANT PARACRINE AND AUTOCRINE FACTORS FOR 
EC-CM COMMUNICATION 

EC act as sensors for shear stress to regulate vascular tone. 
Cardiac EC can regulate contractile properties of CM. Several 
autocrine and paracrine signaling molecules are responsible for 
this important physiologic mechanism. 

NITRIC OXIDE 

Nitric oxide (NO), produced from L-arginine by three different 
NO synthase isoenzymes, is a pivotal signaling molecule between 
EC and CM. Under physiologic conditions, neuronal (nNOS) 
and endothelial (eNOS) NO synthase produce the majority of 
NO. During inflammation, inducible NO-synthase (iNOS) sig- 
nificantly augments NO production (Andrew and Mayer, 1999). 
Interestingly, oxygen free radicals produced during ischemia- 
reperfusion limit NO bioavailability without significantly affect- 
ing NOS activity (Paolocci et al, 2001). Similar to its effects on 
smooth muscle, NO affects the onset of ventricular relaxation, 
allowing for optimization of ventricular pump function (Paulus 
et al, 1994). Although CM express both nNOS and eNOS, the 
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vast majority of NO production comes from the EC, exceeding 
that of CM by greater than 4:1 (Godecke et al., 2001). The role 
of NO in healthy myocardium as well as the adaptive changes 
during pathology have been widely published (Jones and Bolli, 
2006). Furthermore, studies in mice have provided substantial 
evidence that eNOS derived NO attenuates ischemia-reperfusion 
injury (Jones et al, 1999, 2004), and ultimately improves survival 
during HF (Jones et al., 2003a). 

NO bioavailability is also necessary for a vast majority of 
cardioprotective effects and interventions. Ischemic precondi- 
tioning (Murry et al., 1986) perfectly exemplifies such an NO- 
dependent cardioprotective intervention (Jones and Bolli, 2006). 
Interestingly, several drugs used for the treatment of hypercholes- 
terolemia (Jones et al., 2002, 2003b) or even erectile dysfunc- 
tion (Salloum et al., 2003) improve NO bioavailability and are 
cardioprotective. 

END0THELIN-1 

ET-1 is a critical regulator of cardiac pathophysiology. ET-1 is 
a 21-amino acid peptide produced and released by CM (Suzuki 
et al., 1993), EC (Kedzierski and Yanagisawa, 2001), and fibrob- 
lasts (Fujisaki et al, 1995) of the heart. In addition to its role 
in cardiovascular development, ET- 1 modulates coronary vascu- 
lar tone. Moreover, ET-1 can directly modulate cardiac muscle 
function by acting on its receptors [Endothelin receptor type A 
(ET\)on CM and Endothelin receptor type B (ETB)on cardiac 
EC] expressed in atrial and ventricular myocardium (Rich and 
McLaughlin, 2003). 

Acutely, ETb activation results in release of additional signaling 
molecules, mainly NO and prostaglandin I2, whereas ETa stimu- 
lation causes arteriolar constriction and can result in arrhythmias. 
The opposing effects of ET receptor stimulation may imply that 
a feedback mechanism exists between CM and EC for control 
of vasoconstriction through the ET-1 system (Baltogiannis et al., 
2005). Chronically increased ET-1 production (days to weeks) 
results in CM growth and is associated with maladaptive hyper- 
trophic remodeling of the heart and progression to HF (Yorikane 
et al., 1993). In addition, the circulating plasma level of ET-1 
is positively correlated with severity of cardiac disease and thus 
may be a reliable prognostic indicator of future HF (Zolk et al., 
2002). 

NEUREGULIN-1 

EC are capable of secreting factors that augment CM com- 
pensatory reaction to hemodynamic stress. Neuregulins belong 
to a family of growth factors that act through receptor tyro- 
sine kinases in the epidermal growth factor receptor family. 
Neuregulins mediate their actions through a set of ErbB tyro- 
sine kinase receptors (ErbB2, ErbB3, ErbB4), which stimulate 
cellular proliferation, differentiation, and survival of cells in sev- 
eral tissues including the heart (Falls, 2003). In the adult heart, 
Neuregulin-1 (NRG-1) expression is restricted to EC adjacent to 
CM, whereas ErbB2 and ErbB4 are expressed on CM (Lemmens 
et al, 2006). 

The important role of NRG- 1 in the adult heart was discovered 
serendipitously (Slamon et al., 2001). Trastuzumab, an inhibitory 
antibody to ErbB2 (human epidermal growth factor receptor 2 



or HER2/neu) used in the treatment of breast cancer, can induce 
cardiac dysfunction and HF, suggesting an important role for 
ErbB2 in the heart. Indeed, numerous studies have shown that 
ErbB2 and ErbB4 receptor signaling are essential for maintenance 
of myocardial function in the adult heart because CM specific 
deletion of functional receptors produces dilated cardiomyopa- 
thy (Crone et al., 2002). Additionally, conditional ErbB2 deletion 
or heterologous NRG-1 deficiency sensitizes mice to anthracy- 
cline cardiotoxicity (Liu et al, 2005). Interestingly, increasing 
NRG-l/ErbB4 signaling by NRG-1 injection or ErbB4 expression 
induces CM proliferation and may promote myocardial repair 
after MI (Bersell et al., 2009). These results emphasize the impor- 
tant role of NRG-l/ErB4 signaling in the response of the heart to 
injury, and the maintenance of normal myocardial structure and 
function. 

IMPACT OF DYSFUNCTIONAL ENDOTHELIUM ON EC-CM 
CROSSTALK IN CARDIOVASCULAR DISEASES 

Pump failure leading to congestive heart failure (CHF) is the 
common endpoint of a spectrum of progressive cardiovascu- 
lar diseases. Many compensatory mechanisms — such as myocar- 
dial dilatation and hypertrophy, as well as neurohormonal, 
cytokine, and endothelial activation — precede cardiac failure; 
however, such myocardial (and extra-cardiac) adaptations even- 
tually progress to a maladaptive response, and ultimately to 
decompensation and CHF. Maladaptation manifests as hemody- 
namic abnormalities, neurohormonal imbalance, cytokine over- 
expression, and endothelial dysfunction. 

Our understanding of endothelial function has slowly evolved 
over recent decades. Previously, endothelial dysfunction was 
thought to be limited to impaired endothelial NO production 
and bioavailability in response to physiologic stimuli, thereby 
resulting in impaired vasodilatation. Today, in addition to the 
idea of primary impaired NO signaling pathways, the diagnosis 
of endothelial dysfunction also takes into account dysfunc- 
tion of many other autocrine and paracrine signaling path- 
ways leading to EC-CM miscommunication. Numerous reviews 
have summarized our knowledge on various diseases and stres- 
sors, such as diabetes (Roberts and Porter, 2013), hyperlipi- 
demia/atherosclerosis (Simionescu, 2007), hemodynamic stress 
(shear stress) (Giles et al., 2012), inflammatory cytokines (Koh 
et al., 2009), and ischemia/coronary artery disease (Gutierrez 
et al., 2013), which can alter endothelial function and thereby 
actively affect EC-CM communication and ultimately lead to 
cardiac failure (Shantsila et al., 2012). Therapeutic intervention 
to prevent the adverse outcomes of endothelial dysfunction and 
EC-CM miscommunication, ultimately preventing HF, is sub- 
ject of intense clinical investigation. Accordingly, the following 
sections help clarify the relationships among various cardiovas- 
cular diseases, endothelial dysfunction, and the resulting adverse 
consequences on EC-CM communication, with emphasis on 
aforementioned paracrine/autocrine factors. 

DIABETES/INSULIN RESISTANCE 

Diabetes mellitus (DM) type 2 significantly increases the risk of 
cardiovascular disease, even in the presence of rigorous glycemic 
control. Substantial clinical and experimental evidence suggest 
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that both DM (Jansson, 2007) and insulin resistance (Versari 
et al., 2009) cause endothelial dysfunction, which may diminish 
the communication properties of the endothelium with other 
cell types (e.g., CM) and promote susceptibility to cardiovascular 
diseases. 

Endothelial dysfunction is traditionally characterized as an 
imbalance of vasodilation factors such as NO and prostacyclin, 
and vasoconstricting factors including ET-1 and angiotensin-II 
(Harrison, 1997; Mather et al., 2004). Several disease related fac- 
tors in DM type2 (i.e., insulin resistance, hyperglycemia, hyper- 
tension, dyslipidemia, abdominal obesity, and inflammation) are 
associated with EC dysfunction (Calles-Escandon and Cipolla, 

2001) ; however, looking beyond the traditional picture of imbal- 
ance of vasodilation and vasoconstriction factors, there are several 
other functions of paracrine/autocrine factors leading to impaired 
EC-CM interaction. 

ET-1 production is increased during hyperinsulinemia 
(Potenza et al., 2005) through activation of alternative signaling 
pathways including mitogen-activated protein kinase (MAPK) 
(Gogg et al, 2009). Clinical observations indicate that the 
plasma level of ET-1 is increased (Takahashi et al., 1990) — and 
pathophysiological actions of ET-1 are enhanced — in DM type2 
(Jansson, 2007). In addition, the expression of vascular ET-1 
and both ETa and ETb receptors (ETa on CM and ETb on 
cardiac EC) is increased in various experimental models of DM 
(Matsumoto et al, 2004). 

Studies in EC specific ET-1 knockout mice showed that 
chronically elevated ET-1 led to DM-induced cardiac fibrosis 
(Widyantoro et al., 2010). In addition, co-culture experiments 
using human umbilical vein EC and neonatal rat CM showed that 
hyperglycemia increases EC-derived ET-1 and thereby induced 
CM hypertrophy (Majumdar et al., 2009). Thus, targeting 
endothelial cell-derived ET-1 might be useful in the preven- 
tion of diabetic cardiomyopathy (DCM) through re-institution of 
physiological EC-CM communication. 

Significant changes in the signaling in the diabetic heart, 
including decreased EC protein expression of NRG1 in the 
left ventricular myocardium, have been reported. Furthermore, 
DM is associated with blunted mRNA expression of CM ErbB2 
and ErbB4 receptors, and decreased phosphorylation (activa- 
tion) of the ErbB2 and ErbB4 receptors (Gui et al, 2012). As 
outlined above, NRGl/ErbB signaling plays a pivotal role in main- 
taining normal cardiovascular function. Because disruption of 
NRGl/ErbB signaling leads to dilated cardiomyopathy (Crone 
et al, 2002), an imbalance in the EC (NRGl)-CM (ErbB2/4) 
signaling may contribute to DCM. 

Loss of NO bioactivity secondary to endothelial dysfunc- 
tion is probably one of the most important events contributing 
to DM type2 pathobiology (Brownlee, 2001; Du et al, 2001). 
One of the proposed mechanisms of how hyperglycemia and 
DM reduce NO bioavailability is through an increase in oxida- 
tive stress. In short, tetrahydrobiopterin (BH4), an essential 
co-factor for eNOS, is oxidized to enzymatically incompetent 
dihydrobiopterin, which competes with BH4 for eNOS bind- 
ing (Du et al, 2000). Insufficient BH4 uncouples eNOS and 
generates superoxide, rather than NO (Vasquez-Vivar et al., 

2002) . 



ATHEROSCLEROSIS/CORONARY ARTERY DISEASE 

Endothelial dysfunction is closely related to the progression of 
atherosclerosis and associated risk factors, and it establishes a 
transitional step in the progression to adverse events throughout 
the natural history of coronary artery disease (CAD). Oxidative 
stress underlies the progression of endothelial dysfunction to 
atherosclerotic lesions (Sorescu et al, 2002). Studies have shown 
that coronary endothelial function is impaired at an early stage 
of atherosclerosis and is likely an early marker, yet not detected 
by routine angiography (Vita et al, 1990). It is therefore not sur- 
prising that in patients with either non-obstructive or established 
CAD, impaired coronary vascular function coincided with car- 
diovascular and cerebrovascular events (Targonski et al., 2003; 
Lerman and Zeiher, 2005). 

Diminished supply of vasodilatory agents such as NO and 
prostacyclin represents an obvious potential mechanism of 
endothelial dysfunction. In addition, vasoconstrictors, such as 
ET-1, are increased in EC dysfunctional states. Because myocar- 
dial oxygen extraction is effectively maximal at basal conditions, 
any additional metabolic demand must be met by an increase in 
myocardial blood flow, hence vasodilation of the coronary arter- 
ies. Blunted coronary vasodilation results in inadequate blood 
flow, especially during high demand, such as patients with acute 
coronary syndromes (ACS). 

ET-1 produced by ischemic CM and EC during ACS influ- 
ences the myocardium; ET-1 binding to the ETa receptor pro- 
motes catecholamine release from the adrenal glands (Nagayama 
et al., 2000) and modulates norepinephrine release in sympa- 
thetic nerve endings in the ventricular myocardium (Isaka et al., 
2007), resulting in marked adrenergic activity (Yamamoto et al., 
2005). In contrast, ETb activation suppresses early sympathetic 
drive (Yamamoto et al., 2005). In addition, ET-1 contributes 
to ventricular arrhythmogenesis, which is thought to be related 
to increased activation of inositol 1,4,5-trisphosphate receptors 
leading to altered calcium release (Proven et al., 2006). Studies 
have shown that increased activation of these receptors during 
certain disease states, e.g., ACS, HF or mitral valve disease may 
contribute to increased arrhythmogenesis (Go et al., 1995). 

In addition, several other mechanisms of endothelial dysfunc- 
tion contributing to the pathogenesis of ACS have been proposed 
(Libby, 2001). Dysfunctional EC, mostly through an increase in 
local inflammatory status, leads to enhanced plaque vulnera- 
bility, participates in the process of plaque rupture, and favors 
thrombus formation (McGorisk and Treasure, 1996; Libby et al., 
2002). Thus, evaluating endothelial function in ACS may be 
an important tool to assess cardiovascular risk of patients with 
non-obstructive- or established CAD. Interventions that maintain 
EC-CM integrity may prevent adverse effects of CAD. 

ENDOTHELIAL DYSFUNCTION AND THE FAILING HEART 

Coronary- and peripheral endothelial dysfunction are present in 
both ischemic and non-ischemic HF (Treasure et al., 1990; Kubo 
et al., 1991; Bitar et al., 2006). Independently of the initial under- 
lying pathology of HF, EC dysfunction plays a major role in the 
progression of the disease and has important prognostic value on 
clinical outcomes (Fischer et al, 2005; Shechter et al., 2009; De 
Berrazueta et al, 2010). 
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During HF, EC dysfunction is not isolated to coronary EC. For 
example in skeletal muscle, endothelial dysfunction may explain 
early fatigue and exercise intolerance (Lejemtel et al., 1986) 
and EC-mediated vasoconstriction contributes to the increased 
peripheral vascular resistance in chronic HF (Katz et al, 1992). In 
addition, dysfunctional endothelium has been observed in renal, 
mesenteric, and pulmonary vasculature, which is consistent with 
the notion that global EC dysfunction plays an important role in 
HF (Ben Driss et al., 2000). 

Both preclinical and human studies emphasize the importance 
of coronary endothelial dysfunction during HF. In particular, the 
identification of impaired vasodilatory responses supported the 
notion that decreased NO impairs myocardial perfusion and indi- 
rectly contributes to the progression of HF (Treasure et al., 1990; 
Neglia et al., 1995). Yet, cardiac endothelial dysfunction, similar 
to coronary vascular endothelial dysfunction, is an early event in 
the progression to fulminant HF (Maccarthy and Shah, 2000). 
Indeed, high concentrations of neurohormones cause selective 
damage to cardiac EC, and depress mechanical performance 
of the adjacent myocardium. Moreover, secretion of traditional 
paracrine/autocrine factors is indispensable for EC-CM commu- 
nication, and, such secretion is altered during acute, progressing, 
and stable HF (Yorikane et al., 1993; Crone et al, 2002). For 
example recent evidence has shown that activation of the pi- 
adrenergic- protein kinase A pathway and the ET- 1 -protein kinase 
C pathway is crucial in positively modulating full developed force- 
frequency response (FFR) in cardiac muscle (Shen et al., 2013), 
and dysregulation of FFR is a hallmark of HF (Ross, 1998). Thus, 
our silo-style view of vascular vs. cardiomyocyte dysfunction 
requires re-evaluation. 

CLINICAL ASSESSMENT OF ENDOTHELIAL FUNCTION AND 
IMPACT OF INTERVENTIONS 

Endothelial vasodilator function is a surrogate for endothelial 
health (Behrendt and Ganz, 2002). Endothelial function plays a 
key role in vascular health and endothelial dysfunction is an early 
event in atherogenesis, making endothelial function testing, as a 
means for cardiovascular risk stratification, a valuable tool for 
clinicians (Benjamin et al, 2004). Presently, there is no test to 
evaluate directly the impact of EC-CM interactions on cardiovas- 
cular health. Unfortunately, the goal of developing a non-invasive 
and effective test for endothelial function has proven challeng- 
ing (Vita and Keaney, 2002). Several investigational methods are 
briefly mentioned here. 

High frequency ultrasonographic imaging of the brachial 
artery assesses endothelium-dependent flow-mediated vasodila- 
tion, and can estimate the effectiveness of various interventions 
(Corretti et al., 2002). A recent study used this method to test the 
relative effectiveness of two different endothelial-directed drugs 
and found that the technique was, indeed, effective (Liu et al., 
2009). 

Several studies have assessed the impact of exercise on 
endothelial function (Werner et al., 2009). Arterial-level shear 
stress (>15 dyne/ cm 2 ) at the outer edges of vessel bifurcations 
can stimulate the vasculature to produce factors ultimately pro- 
moting an atheroprotective gene expression profile (Malek et al., 
1999). Non-invasive techniques to further assess the impact of 



exercise on endothelial function are intensively studied, including 
magnetic resonance imaging (Galizia et al, 2014). 

Some have used positron emission tomography scanning to 
identify increased vascular inflammation as another potential 
non-invasive measurement of endothelial function (Kim et al., 
2010). Chronic inflammation is a well-known risk factor for car- 
diovascular disease (Obel et al, 2007; Triant et al., 2007). Many 
groups investigated the potential impact of anti-inflammatory 
drugs (e.g., NSAIDs) on endothelial function. The salicylate, 
salsalate, reduces vascular inflammation, and increases brachial 
artery flow-mediated dilatation in overweight/obese patients in a 
NFicB-dependent manner; (Pierce et al, 2009) however, concerns 
have been raised about NSAIDs (Nohria et al, 2014). Further 
studies to evaluate the safety of anti- inflammatory therapy on the 
cardiovascular system are needed. 

CLOSING REMARKS 

Our understanding of the impact of EC-CM miscommunica- 
tion on cardiovascular health is nascent. One area of continued 
potential growth lies in our [in] ability to assess clinically such 
cell-cell interactions. Current interventions target the endothe- 
lium to reverse endothelial dysfunction and limit the impact of 
cardiovascular risk factors. Several failed clinical studies target- 
ing cell-cell interactions emphasize the need to understand the 
molecular interactions among various cells in situ. Thus, efforts 
should be directed at understanding such interactions and devel- 
oping clinical tests to characterize EC-CM (et al.) communication 
leading to meaningful interventions to improve cardiovascular 
health. We predict it will. 

REFERENCES 

Andrew, P. J., and Mayer, B. (1999). Enzymatic function of nitric oxide 
synthases. Cardiovasc. Res. 43, 521-531. doi: 10.1016/S0008-6363(99) 
00115-7 

Baltogiannis, G. G., Tsalikakis, D. G., Mitsi, A. C., Hatzistergos, K. E., Elaiopoulos, 
D., Fotiadis, D. I., et al. (2005). Endothelin receptor-a blockade decreases ven- 
tricular arrhythmias after myocardial infarction in rats. Cardiovasc. Res. 67, 
647-654. doi: 10.1016/j.cardiores.2005.04.020 

Behrendt, D., and Ganz, P. (2002). Endothelial function. From vascular biology 
to clinical applications. Am. J. Cardiol. 90, 40L-48L. doi: 10.1016/S0002- 
9149(02)02963-6 

Ben Driss, A., Devaux, C, Henrion, D., Duriez, M., Thuillez, C, Levy, B. I., et al. 
(2000). Hemodynamic stresses induce endothelial dysfunction and remodel- 
ing of pulmonary artery in experimental compensated heart failure. Circulation 
101, 2764-2770. doi: 10.1161/01.CIR.101.23.2764 

Benjamin, E. J., Larson, M. G., Keyes, M. J., Mitchell, G. E, Vasan, R. S., Keaney, 
J. E, et al. (2004). Clinical correlates and heritability of flow-mediated dilation 
in the community: the Framingham Heart Study. Circulation 109, 613-619. doi: 
10.1 161/01. CIR.0000112565.60887.1E 

Bersell, K., Arab, S., Haring, B., and Kuhn, B. (2009). Neuregulinl/ErbB4 signal- 
ing induces cardiomyocyte proliferation and repair of heart injury. Cell 138, 
257-270. doi: 10.1016/j.cell.2009.04.060 

Bitar, E, Lerman, A., Akhter, M. W., Hatamizadeh, P., Janmohamed, M., Khan, 
S., et al. (2006). Variable response of conductance and resistance coronary 
arteries to endothelial stimulation in patients with heart failure due to non- 
ischemic dilated cardiomyopathy. /. Cardiovasc. Pharmacol. Ther. 11, 197-202. 
doi: 10.1177/1074248406292574 

Brownlee, M. (2001). Biochemistry and molecular cell biology of diabetic compli- 
cations. Nature 414, 813-820. doi: 10.1038/414813a 

Brutsaert, D. L. (2003). Cardiac endothelial-myocardial signaling: its role in cardiac 
growth, contractile performance, and rhythmicity. Physiol. Rev. 83, 59-1 15. doi: 
10.1152/physrev.00017.2002 



Frontiers in Physiology | Striated Muscle Physiology 



August 2014 | Volume 5 | Article 328 | 4 



Leucker and Jones 



Endothelial-cardiomyocyte (mis)communication 



Brutsaert, D. L., Fransen, P., Andries, L. J., De Keulenaer, G. W., and Sys, S. U. 

(1998). Cardiac endothelium and myocardial function. Cardiovasc. Res. 38, 

281-290. doi: 10.1016/S0008-6363(98)00044-3 
Calles-Escandon, J., and Cipolla, M. (2001). Diabetes and endothelial dysfunction: 

a clinical perspective. Endocr. Rev. 22, 36-52. doi: 10. 1210/edrv.22. 1.0417 
Corretti, M. C, Anderson, T. J., Benjamin, E. J., Celermajer, D., Charbonneau, 

E, Creager, M. A., et al. (2002). Guidelines for the ultrasound assessment 

of endothelial-dependent flow-mediated vasodilation of the brachial artery: a 

report of the International Brachial Artery Reactivity Task Force. /. Am. Coll. 

Cardiol. 39, 257-265. doi: 10.1016/S0735-1097(01)01746-6 
Crone, S. A., Zhao, Y. Y., Fan, L., Gu, Y, Minamisawa, S., Liu, Y, et al. (2002). ErbB2 

is essential in the prevention of dilated cardiomyopathy. Nat. Med. 8, 459-465. 

doi: 10.1038/nm0502-459 
De Berrazueta, J. R., Guerra-Ruiz, A., Garcia-Unzueta, M. T., Toca, G. M., Laso, 

R. S., De Adana, M. S., et al. (2010). Endothelial dysfunction, measured by 

reactive hyperaemia using strain-gauge plethysmography, is an independent 

predictor of adverse outcome in heart failure. Eur. J. Heart. Fail. 12, 477-483. 

doi: 10.1093/eurjhf/hfq036 
Du, X. L., Edelstein, D., Dimmeler, S., Ju, Q., Sui, C, and Brownlee, M. (2001). 

Hyperglycemia inhibits endothelial nitric oxide synthase activity by posttrans- 

lational modification at the Akt site. /. Clin. Invest. 108, 1341-1348. doi: 

10.1172/JCI11235 

Du, X. L., Edelstein, D., Rossetti, L., Fantus, I. G., Goldberg, H., Ziyadeh, E, 
et al. (2000). Hyperglycemia-induced mitochondrial superoxide overproduc- 
tion activates the hexosamine pathway and induces plasminogen activator 
inhibitor- 1 expression by increasing Spl glycosylation. Proc. Natl. Acad. Sci. 
U.S.A. 97, 12222-12226. doi: 10.1073/pnas.97.22.12222 

Falls, D. L. (2003). Neuregulins: functions, forms, and signaling strategies. Exp. Cell. 
Res. 284, 14-30. doi: 10.1016/S0014-4827(02)00102-7 

Fischer, D., Rossa, S., Landmesser, U., Spiekermann, S., Engberding, N, Hornig, 
B., et al. (2005). Endothelial dysfunction in patients with chronic heart failure 
is independently associated with increased incidence of hospitalization, car- 
diac transplantation, or death. Eur. Heart J. 26, 65-69. doi: 10.1093/eurheartj/ 
ehiOOl 

Fujisaki, H., Ito, H., Hirata, Y, Tanaka, M., Hata, M., Lin, M., et al. (1995). 
Natriuretic peptides inhibit angiotensin Il-induced proliferation of rat car- 
diac fibroblasts by blocking endothelin-1 gene expression. /. Clin. Invest. 96, 
1059-1065. doi: 10.1 172/JCI1 18092 

Galizia, M. S., Barker, A., Liao, Y, Collins, J., Carr, J., McDermott, M. M., 
et al. (2014). Wall morphology, blood flow and wall shear stress: MR find- 
ings in patients with peripheral artery disease. Eur. Radiol. 24, 850-856. doi: 
10.1007/s00330-013-3081-x 

Giles, T. D., Sander, G. E., Nossaman, B. D., and Kadowitz, P. J. (2012). 
Impaired vasodilation in the pathogenesis of hypertension: focus on nitric 
oxide, endothelial-derived hyperpolarizing factors, and prostaglandins. /. Clin. 
Hypertens. (Greenwich) 14, 198-205. doi: 10.1111/j.l751-7176.2012.00606.x 

Go, L. O., Moschella, M. C, Watras, J., Handa, K. K., Fyfe, B. S., and Marks, 
A. R. (1995). Differential regulation of two types of intracellular calcium 
release channels during end-stage heart failure. /. Clin. Invest. 95, 888-894. doi: 
10.1172/JCI117739 

Godecke, A., Heinicke, T., Kamkin, A., Kiseleva, I., Strasser, R. EL, Decking, 
U. K., et al. (2001). Inotropic response to beta-adrenergic receptor stim- 
ulation and anti-adrenergic effect of ACh in endothelial NO synthase- 
deficient mouse hearts./. Physiol. 532, 195-204. doi: 10.1111/j.l469-7793.2001. 
0195g.x 

Gogg, S., Smith, U., and Jansson, P. A. (2009). Increased MAPK activation and 
impaired insulin signaling in subcutaneous microvascular endothelial cells 
in type 2 diabetes: the role of endothelin-1. Diabetes 58, 2238-2245. doi: 
10.2337/db08-0961 

Gui, C, Zhu, L., Hu, M., Lei, L., and Long, Q. (2012). Neuregulin-l/ErbB signaling 
is impaired in the rat model of diabetic cardiomyopathy. Cardiovasc. Pathol. 21, 
414-420. doi: 10.1016/j.carpath.2011. 12.006 

Gutierrez, E., Flammer, A. J., Lerman, L. O., Elizaga, J., Lerman, A., and Fernandez- 
Aviles, F. (2013). Endothelial dysfunction over the course of coronary artery 
disease. Eur. Heart]. 34, 3175-3181. doi: 10.1093/eurheartj/eht351 

Harrison, D. G. (1997). Cellular and molecular mechanisms of endothelial cell 
dysfunction./. Clin. Invest. 100,2153-2157. doi: 10.1172/JCI119751 

Isaka, M., Kudo, A., Imamura, M., Kawakami, H, and Yasuda, K. (2007). 
Endothelin receptors, localized in sympathetic nerve terminals of the heart, 



modulate norepinephrine release and reperfusion arrhythmias. Basic Res. 
Cardiol. 102, 154-162. doi: 10.1007/s00395-006-0623-2 
Jansson, P. A. (2007). Endothelial dysfunction in insulin resistance and type 
2 diabetes. /. Intern. Med. 262, 173-183. doi: 10.1 1 1 1365-2796.2007. 
01830.x 

Jones, S. P., and Bolli, R. (2006). The ubiquitous role of nitric oxide in cardiopro- 
tection./. Mol. Cell. Cardiol. 40, 16-23. doi: 10.1016/j.yjmcc.2005.09.011 

Jones, S. P., Gibson, M. E, Rimmer, D. M., Gibson, T. M., Sharp, B. R., and 
Lefer, D. J. (2002). Direct vascular and cardioprotective effects of rosuvastatin, 
a new HMG-CoA reductase inhibitor. /. Am. Coll. Cardiol. 40, 1172-1178. doi: 
10.1016/S0735-1097(02)02115-0 

Jones, S. P., Girod, W. G., Palazzo, A. J., Granger, D. N., Grisham, M. B., 
Jourd'heuil, D., et al. (1999). Myocardial ischemia-reperfusion injury is exac- 
erbated in absence of endothelial cell nitric oxide synthase. Am. J. Physiol. 276, 
H1567-H1573. 

Jones, S. P., Greer, J. J. M., Kakkar, A. K., Ware, P. D., Turnage, R. H., Hicks, M., et al. 
(2004). Endothelial nitric oxide synthase overexpression attenuates myocardial 
reperfusion injury. Am. J. Physiol. Heart Circ. Physiol. 286, H276-H282. doi: 
10.1152/ajpheart.00129.2003 

Jones, S. P., Greer, J. J. M., Van Haperen, R., Duncker, D. J., De Crom, R., and Lefer, 
D. J. (2003a). Endothelial nitric oxide synthase overexpression attenuates con- 
gestive heart failure in mice. Proc. Natl. Acad. Sci. U.S.A. 100, 4891-4896. doi: 
10.1073/pnas.0837428100 

Jones, S. P., Teshima, Y, Akao, M., and Marban, E. (2003b). Simvastatin attenuates 
oxidant-induced mitochondrial dysfunction in cardiac myocytes. Circ. Res. 93, 
697-699. doi: 10.1161/01.RES.0000097262.21507.DF 

Katz, S. D., Biasucci, L., Sabba, C, Strom, J. A., Jondeau, G., Galvao, M., et al. 
(1992). Impaired endothelium-mediated vasodilation in the peripheral vascu- 
lature of patients with congestive heart failure. /. Am. Coll. Cardiol. 19, 918-925. 
doi: 10.1016/0735-1097(92)90271-N 

Kedzierski, R. M., and Yanagisawa, M. (2001). Endothelin system: the double-edged 
sword in health and disease. Annu. Rev. Pharmacol. Toxicol. 41, 851-876. doi: 
10. 1 146/annurev.pharmtox.4 1 . 1 .85 1 

Kim, T. N., Kim, S., Yang, S. J., Yoo, H. J., Seo, J. A., Kim, S. G., et al. (2010). 
Vascular inflammation in patients with impaired glucose tolerance and type 
2 diabetes: analysis with 18F-fluorodeoxyglucose positron emission tomogra- 
phy. Circ. Cardiovasc. Imaging 3, 142-148. doi: 10.1161/CIRCIMAGING.109. 
888909 

Koh, K. K., Oh, P. C, and Quon, M. J. (2009). Does reversal of oxidative stress and 
inflammation provide vascular protection? Cardiovasc. Res. 81, 649-659. doi: 
10.1093/cvr/cvn354 

Kubo, S. H, Rector, T. S., Bank, A. J., Williams, R. E., and Heifetz, S. M. (1991). 
Endothelium-dependent vasodilation is attenuated in patients with heart fail- 
ure. Circulation 84, 1589-1596. doi: 10.1161/01.CIR.84.4.1589 

Lejemtel, T. H, Maskin, C. S., Lucido, D., and Chadwick, B. J. (1986). Failure 
to augment maximal limb blood flow in response to one-leg versus two-leg 
exercise in patients with severe heart failure. Circulation 74, 245-251. doi: 
10.1161/01.CIR.74.2.245 

Lemmens, K., Segers, V. E, Demolder, M., and De Keulenaer, G. W. (2006). Role of 
neuregulin-l/ErbB2 signaling in endothelium-cardiomyocyte cross-talk. /. Biol. 
Chem. 281, 19469-19477. doi: 10.1074/jbc.M600399200 

Lerman, A., and Zeiher, A. M. (2005). Endothelial function: cardiac events. 
Circulation 111, 363-368. doi: 10.1161/01.CIR.0000153339.27064.14 

Li, J., Brown, L. F., Hibberd, M. G., Grossman, J. D., Morgan, J. P., and Simons, M. 
(1996). VEGF, flk-1, and flt-1 expression in a rat myocardial infarction model 
of angiogenesis. Am. /. Physiol. 270, H1803-H1811. 

Libby, P. (2001). Current concepts of the pathogenesis of the acute coronary 
syndromes. Circulation 104, 365-372. doi: 10.1161/01.CIR.104.3.365 

Libby, P., Ridker, P. M., and Maseri, A. (2002). Inflammation and atherosclerosis. 
Circulation 105, 1135-1143. doi: 10.1161/hc0902.104353 

Liu, F. E, Stone, J. R., Schuldt, A. J., Okoshi, K., Okoshi, M. P., Nakayama, M., 
et al. (2005). Heterozygous knockout of neuregulin-1 gene in mice exacer- 
bates doxorubicin-induced heart failure. Am. J. Physiol. Heart Circ. Physiol. 289, 
H660-H666. doi: 10.1152/ajpheart.00268.2005 

Liu, P.-Y, Liu, Y.-W., Lin, L.-J., Chen, J.-H., and Liao, J. K. (2009). Evidence 
for statin pleiotropy in humans: differential effects of statins and eze- 
timibe on rho-associated coiled-coil containing protein kinase activity, 
endothelial function, and inflammation. Circulation 119, 131-138. doi: 
10.1161 /CIRCULATIONAHA. 108.813311 



www.frontiersin.org 



August 2014 | Volume 5 | Article 328 | 5 



Leucker and Jones 



Endothelial-cardiomyocyte (mis)communication 



Maccarthy, P. A., and Shah, A. M. (2000). Impaired endothelium-dependent reg- 
ulation of ventricular relaxation in pressure-overload cardiac hypertrophy. 
Circulation 101, 1854-1860. doi: 10.1161/01.CIR.101. 15.1854 

Majumdar, P., Chen, S., George, B., Sen, S., Karmazyn, M., and Chakrabarti, 
S. (2009). Leptin and endothelin-1 mediated increased extracellular matrix 
protein production and cardiomyocyte hypertrophy in diabetic heart disease. 
Diabetes Metab. Res. Rev. 25, 452-463. doi: 10.1002/dmrr.964 

Malek, A. M., Alper, S. L., and Izumo, S. (1999). Hemodynamic shear stress and its 
role in atherosclerosis. JAMA 282, 2035-2042. doi: 10.1001/jama.282.21.2035 

Mather, K. J., Lteif, A., Steinberg, H. O., and Baron, A. D. (2004). Interactions 
between endothelin and nitric oxide in the regulation of vascular tone in obesity 
and diabetes. Diabetes 53, 2060-2066. doi: 10.2337/diabetes.53.8.2060 

Matsumoto, T., Yoshiyama, S., Kobayashi, T., and Kamata, K. (2004). Mechanisms 
underlying enhanced contractile response to endothelin-1 in diabetic rat basilar 
artery. Peptides 25, 1985-1994. doi: 10.1016/j.peptides.2004.07.001 

McGorisk, G. M., and Treasure, C. B. (1996). Endothelial dysfunction in coro- 
nary heart disease. Curr. Opin. Cardiol. 11, 341-350. doi: 10.1097/00001573- 
199607000-00002 

Murry, C. E., Jennings, R. B., and Reimer, K. A. (1986). Preconditioning with 
ischemia: a delay of lethal cell injury in ischemic myocardium. Circulation 74, 
1124-1136. doi: 10.1161/01. CIR.74.5. 1124 

Nagayama, T., Kuwakubo, E, Matsumoto, T., Fukushima, Y., Yoshida, M., Suzuki- 
Kusaba, M., et al. (2000). Role of endogenous endothelins in catecholamine 
secretion in the rat adrenal gland. Eur. J. Pharmacol. 406, 69-74. doi: 
10.1016/S0014-2999(00)00651-8 

Neglia, D., Parodi, O., Gallopin, M., Sambuceti, G, Giorgetti, A., Pratali, L., et al. 
(1995). Myocardial blood flow response to pacing tachycardia and to dipyri- 
damole infusion in patients with dilated cardiomyopathy without overt heart 
failure. A quantitative assessment by positron emission tomography. Circulation 
92, 796-804. doi: 10.1161/01.CIR.92.4.796 

Nohria, A., Kinlay, S., Buck, J. S., Redline, W., Copeland-Halperin, R., Kim, S., 
et al. (2014). The effect of salsalate therapy on endothelial function in a 
broad range of subjects. /. Am. Heart. Assoc. 3:e000609. doi: 10.1161/JAHA.113. 
000609 

Obel, N., Thomsen, H. E, Kronborg, G., Larsen, C. S., Hildebrandt, P. R., Sorensen, 
H. T, et al. (2007). Ischemic heart disease in HIV-infected and HIV-uninfected 
individuals: a population-based cohort study. Clin. Infect. Dis. 44, 1625-1631. 
doi: 10.1086/518285 

Paolocci, N., Biondi, R., Bettini, M., Lee, C. I., Berlowitz, C. O., Rossi, R., et al. 
(2001). Oxygen radical-mediated reduction in basal and agonist-evoked NO 
release in isolated rat heart. /. Mol. Cell. Cardiol. 33, 671-679. doi: 10.1006/ 
jmcc.2000.1334 

Paulus, W. J., Vantrimpont, P. J., and Shah, A. M. (1994). Acute effects of nitric 
oxide on left ventricular relaxation and diastolic distensibility in humans. 
Assessment by bicoronary sodium nitroprusside infusion. Circulation 89, 
2070-2078. doi: 10.1161/01.CIR.89.5.2070 

Pierce, G. L., Lesniewski, L. A., Lawson, B. R., Beske, S. D., and Seals, D. R. 
(2009). Nuclear factor-{kappa}B activation contributes to vascular endothe- 
lial dysfunction via oxidative stress in overweight/obese middle-aged and older 
humans. Circulation 119, 1284-1292. doi: 10.1161/CIRCULATIONAHA.108. 
804294 

Potenza, M. A., Marasciulo, F. L., Chieppa, D. M., Brigiani, G. S., Formoso, G, 
Quon, M. J., et al. (2005). Insulin resistance in spontaneously hypertensive rats 
is associated with endothelial dysfunction characterized by imbalance between 
NO and ET-1 production. Am. J. Physiol. Heart Circ. Physiol. 289, H813-H822. 
doi: 10.1152/ajpheart.00092.2005 

Proven, A., Roderick, H. L., Conway, S. J., Berridge, M. J., Horton, J. K., Capper, S. J., 
et al. (2006). Inositol 1,4,5-trisphosphate supports the arrhythmogenic action of 
endothelin-1 on ventricular cardiac myocytes. /. Cell. Sci. 119, 3363-3375. doi: 
10.1242/jcs.03073 

Rich, S., and McLaughlin, V. V. (2003). Endothelin receptor blockers in cardio- 
vascular disease. Circulation 108, 2184-2190. doi: 10.1161/01. CIR.0000094397. 
19932.78 

Roberts, A. C, and Porter, K. E. (2013). Cellular and molecular mechanisms of 
endothelial dysfunction in diabetes. Diab. Vase. Dis. Res. 10, 472-482. doi: 
10.1177/1479164113500680 

Ross, J. (1998). Adrenergic regulation of the force-frequency effect. Basic Res. 
Cardiol. 93 Suppl. 1, 95-101. doi: 10.1007/s003950050229 



Salloum, E, Yin, C, Xi, L., and Kukreja, R. C. (2003). Sildenafil induces delayed 
preconditioning through inducible nitric oxide synthase-dependent pathway 
in mouse heart. Circ. Res. 92, 595-597. doi: 10.1161/01.RES.0000066853. 
09821.98 

Sellke, F. W., Wang, S. Y, Stamler, A., Lopez, J. J., Li, J., Li, J., et al. (1996). Enhanced 
microvascular relaxations to VEGF and bFGF in chronically ischemic porcine 
myocardium. Am. J. Physiol. 271, H713-H720. 

Shantsila, E., Wrigley, B. J., Blann, A. D., Gill, P. S., and Lip, G. Y. (2012). A con- 
temporary view on endothelial function in heart failure. Eur. J. Heart Fail. 14, 
873-881. doi: 10.1093/eurjhf/hfs066 

Shechter, M., Matetzky, S., Arad, M., Feinberg, M. S., and Freimark, D. (2009). 
Vascular endothelial function predicts mortality risk in patients with advanced 
ischaemic chronic heart failure. Eur. J. Heart Fail. 11, 588-593. doi: 10.1093/eur- 
jhf/hfp053 

Shen, X., Tan, Z., Zhong, X., Tian, Y, Wang, X, Yu, B., et al. (2013). Endocardial 
endothelium is a key determinant of force-frequency relationship in rat ventric- 
ular myocardium. /. Appl. Physiol. (1985) 115, 383-393. doi: 10.1152/japplphys- 
iol.01415.2012 

Simionescu, M. (2007). Implications of early structural-functional changes in the 
endothelium for vascular disease. Arterioscler. Thromb. Vase. Biol. 27, 266-274. 
doi: 10.1161/01 .ATV.0000253884. 1 390 1 .e4 

Slamon, D. J., Leyland-Jones, B., Shak, S., Fuchs, H., Paton, V., Bajamonde, A., et al. 
(2001). Use of chemotherapy plus a monoclonal antibody against HER2 for 
metastatic breast cancer that overexpresses HER2. N. Engl. J. Med. 344, 783-792. 
doi: 10.1056/NEJM200103153441101 

Sorescu, D., Weiss, D., Lassegue, B., Clempus, R. E., Szocs, K., Sorescu, 

G. P., et al. (2002). Superoxide production and expression of nox fam- 
ily proteins in human atherosclerosis. Circulation 105, 1429-1435. doi: 
10.1161/01.CIR.0000012917.74432.66 

Suzuki, T, Kumazaki, T, and Mitsui, Y. (1993). Endothelin-1 is produced and 

secreted by neonatal rat cardiac myocytes in vitro. Biochem. Biophys. Res. 

Commun. 191, 823-830. doi: 10.1006/bbrc.l993.1291 
Takahashi, K., Ghatei, M. A., Lam, H. C, O'Halloran, D. J., and Bloom, S. R. (1990). 

Elevated plasma endothelin in patients with diabetes mellitus. Diabetologia 33, 

306-310. doi: 10.1007/BF00403325 
Targonski, P. V., Bonetti, P. O., Pumper, G. M., Higano, S. T, Holmes, D. R. Jr., 

and Lerman, A. (2003). Coronary endothelial dysfunction is associated with 

an increased risk of cerebrovascular events. Circulation 107, 2805-2809. doi: 

10.1161/01.CIR.0000072765.93106.EE 
Tirziu, D., Giordano, F. J., and Simons, M. (2010). Cell communications in the 

heart. Circulation 122, 928-937. doi: 10.1161/CIRCULATIONAHA.108.847731 
Treasure, C. B., Vita, J. A., Cox, D. A, Fish, R. D., Gordon, J. B., Mudge, G. 

H. , et al. (1990). Endothelium-dependent dilation of the coronary microvas- 
culature is impaired in dilated cardiomyopathy. Circulation 81, 772-779. doi: 
10.1161/01.CIR.81.3.772 

Triant, V. A., Lee, H., Hadigan, C, and Grinspoon, S. K. (2007). Increased acute 
myocardial infarction rates and cardiovascular risk factors among patients 
with human immunodeficiency virus disease. /. Clin. Endocrinol. Metab. 92, 
2506-2512. doi: 10.1210/jc.2006-2190 

Vasquez-Vivar, J., Martasek, P., Whitsett, J., Joseph, J., and Kalyanaraman, B. (2002). 
The ratio between tetrahydrobiopterin and oxidized tetrahydrobiopterin ana- 
logues controls superoxide release from endothelial nitric oxide synthase: 
an EPR spin trapping study. Biochem. }. 362, 733-739. doi: 10.1042/0264- 
6021:3620733 

Versari, D., Daghini, E., Virdis, A., Ghiadoni, L., and Taddei, S. (2009). Endothelial 
dysfunction as a target for prevention of cardiovascular disease. Diabetes Care 
32 Suppl. 2, S314-S321. doi: 10.2337/dc09-S330 

Vita, J. A., and Keaney, J. F. Jr. (2002). Endothelial function: a barometer for car- 
diovascular risk? Circulation 106, 640-642. doi: 10.1161/01.CIR.0000028581. 
07992.56 

Vita, J. A., Treasure, C. B., Nabel, E. G, McLenachan, J. M., Fish, R. D., Yeung, A. 
C, et al. (1990). Coronary vasomotor response to acetylcholine relates to risk 
factors for coronary artery disease. Circulation 81, 491-497. doi: 10.1161/01. 
CIR.81.2.491 

Werner, C, Fiirster, T., Widmann, T, Poss, J., Roggia, C, Hanhoun, M., et al. 
(2009). Physical exercise prevents cellular senescence in circulating leuko- 
cytes and in the vessel wall. Circulation 120, 2438-2447. doi: 10.1161/ 
CIRCULATIONAHA. 109.86 1005 



Frontiers in Physiology | Striated Muscle Physiology 



August 2014 | Volume 5 | Article 328 | 6 



Leucker and Jones 



Endothelial-cardiomyocyte (mis)communication 



Widyantoro, B., Emoto, N., Nakayama, K., Anggrahini, D. W., Adiarto, S., Iwasa, 
N., et al. (2010). Endothelial cell-derived endothelin- 1 promotes cardiac fibro- 
sis in diabetic hearts through stimulation of endothelial-to-mesenchymal 
transition. Circulation 121, 2407-2418. doi: 10.1161/CIRCULATIONAHA.110. 
938217 

Yamamoto, S., Matsumoto, N., Kanazawa, M., Fujita, M., Takaoka, M., Gariepy, 
C. E., et al. (2005). Different contributions of endothelin-A and endothelin-B 
receptors in postischemic cardiac dysfunction and norepinephrine overflow in 
rat hearts. Circulation 111, 302-309. doi: 10.1161/01.CIR.0000153351.86708.F7 

Yorikane, R., Sakai, S., Miyauchi, T., Sakurai, T., Sugishita, Y, and Goto, K. (1993). 
Increased production of endothelin- 1 in the hypertrophied rat heart due to 
pressure overload. FEBS Lett. 332, 31-34. doi: 10.1016/0014-5793(93)80476-B 

Zolk, O., Quattek, J., Seeland, U., El-Armouche, A., Eschenhagen, T., and Bohm, 
M. (2002). Activation of the cardiac endothelin system in left ventricular hyper- 
trophy before onset of heart failure in TG(mREN2)27 rats. Cardiovasc. Res. 53, 
363-371. doi: 10.1016/S0008-6363(01)00468-0 



Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 24 June 2014; accepted: 08 August 2014; published online: 26 August 2014. 
Citation: Leucker TM and Jones SP (2014) Endothelial dysfunction as a nexus 
for endothelial cell-cardiomyocyte miscommunication. Front. Physiol. 5:328. doi: 
1 0. 3389/fphys.201 4. 00328 

This article was submitted to Striated Muscle Physiology, a section of the journal 
Frontiers in Physiology. 

Copyright © 2014 Leucker and Jones. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribu- 
tion or reproduction in other forums is permitted, provided the original author (s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



www.frontiersin.org 



August 2014 | Volume 5 | Article 328 | 7 



